Adzuki bean (Vigna angularis), an important legume crop, is grown in more than 30 countries of the world. The seed of adzuki bean, as an important source of starch, digestible protein, mineral elements, and vitamins, is widely used foods for at least a billion people. Here, we generated a high-quality draft genome sequence of adzuki bean by whole-genome shotgun sequencing. The assembled contig sequences reached to 450 Mb (83% of the genome) with an N50 of 38 kb, and the total scaffold sequences were 466.7 Mb with an N50 of 1.29 Mb. Of them, 372.9 Mb of scaffold sequences were assigned to the 11 chromosomes of adzuki bean by using a single nucleotide polymorphism genetic map. A total of 34,183 protein-coding genes were predicted. Functional analysis revealed that significant differences in starch and fat content between adzuki bean and soybean were likely due to transcriptional abundance, rather than copy number variations, of the genes related to starch and oil synthesis. We detected strong selection signals in domestication by the population analysis of 50 accessions including 11 wild, 11 semiwild, 17 landraces, and 11 improved varieties. In addition, the semiwild accessions were illuminated to have a closer relationship to the cultigen accessions than the wild type, suggesting that the semiwild adzuki bean might be a preliminary landrace and play some roles in the adzuki bean domestication. The genome sequence of adzuki bean will facilitate the identification of agronomically important genes and accelerate the improvement of adzuki bean.
Adzuki bean (Vigna angularis), an important legume crop, is grown in more than 30 countries of the world. The seed of adzuki bean, as an important source of starch, digestible protein, mineral elements, and vitamins, is widely used foods for at least a billion people. Here, we generated a high-quality draft genome sequence of adzuki bean by whole-genome shotgun sequencing. The assembled contig sequences reached to 450 Mb (83% of the genome) with an N50 of 38 kb, and the total scaffold sequences were 466. 7 Mb with an N50 of 1.29 Mb. Of them, 372.9 Mb of scaffold sequences were assigned to the 11 chromosomes of adzuki bean by using a single nucleotide polymorphism genetic map. A total of 34,183 protein-coding genes were predicted. Functional analysis revealed that significant differences in starch and fat content between adzuki bean and soybean were likely due to transcriptional abundance, rather than copy number variations, of the genes related to starch and oil synthesis. We detected strong selection signals in domestication by the population analysis of 50 accessions including 11 wild, 11 semiwild, 17 landraces, and 11 improved varieties. In addition, the semiwild accessions were illuminated to have a closer relationship to the cultigen accessions than the wild type, suggesting that the semiwild adzuki bean might be a preliminary landrace and play some roles in the adzuki bean domestication. The genome sequence of adzuki bean will facilitate the identification of agronomically important genes and accelerate the improvement of adzuki bean.
adzuki bean | genome sequence | starch synthesis genes | fat synthesis genes | domestication A dzuki bean (Vigna angularis var. angularis) was domesticated in China ∼12,000 y ago (1) and is grown in more than 30 countries of the world, especially in East Asia (2, 3) . Adzuki bean seed is an important source of protein, starch, mineral elements, and vitamins (4, 5) . Because of its low caloric and fat content, digestible protein and abundant bioactive compounds, adzuki bean is referred to as the "weight loss bean" (6, 7) . Given these characteristics, adzuki bean is widely used in a variety of foods (e.g., paste in pastries, desserts, cake, porridge, adzuki rice, jelly, adzuki milk, ice cream) for at least a billion people (8) . Furthermore, adzuki bean is a traditional medicine that has been used as a diuretic and antidote, and to alleviate symptoms of dropsy and beriberi in China (9, 10) .
Adzuki bean has broad adaptability, high tolerance to poor soil fertility, and is a high-value rotation crop that contributes to the improvement of soil condition by nitrogen fixation (11, 12) . Additionally, adzuki bean can be used as a model species, especially for non-oilseed legumes because of its short growth period and small genome size (13, 14) .
To accelerate the application of genomics for breeding and to better understand the biological mechanisms underlying its distinct characters, we generated and analyzed the genome sequence of adzuki bean variety Jingnong 6, which was bred by the Beijing University of Agriculture, China. The draft genome sequence provides a resource for studying adzuki bean genomics and genetics, promoting adzuki bean improvement.
Results and Discussion
Genome Sequencing and Assembly. The widely adopted Chinese cultivar "Jingnong 6" was targeted for whole genome shotgun sequencing by using the HiSeq 2000 sequencing platform. In total, 132.28 Gb sequence data were generated (SI Appendix,
Significance
Adzuki bean (Vigna angularis) is distinct in its high starch and low fat accumulation. However, the underlying genetic basis is still not well understood. In this study, we generated a highquality draft genome sequence of adzuki bean by using wholegenome shotgun sequencing strategy. By comparative genomic and transcriptome analyses, we demonstrated that the significant difference in starch and fat content between adzuki bean and soybean were caused by transcriptional abundance rather than copy number variations in the genes related to starch and oil synthesis. Furthermore, through resequencing of 49 population accessions, we identified strong selection during domestication and suggested that the semiwild adzuki bean was a preliminary landrace. Generally, our results provide insight into evolution and metabolism of legumes. Table S1 ). After filtering out low-quality reads, 90.88 Gb highquality sequences (168 × coverage of the adzuki bean genome) were obtained and used for assembly with SOAPdenovo software (15 Fig. S1 ).
To anchor the scaffolds to the chromosomes, we constructed a high-density single-nucleotide polymorphism (SNP) genetic map via restriction-site associated DNA-sequencing (RAD-Seq) approach by using 150 F 2 individuals derived from a cross of cultivar Ass001 with the wild adzuki bean accession no. CWA108. The genetic map was comprised of 1,571 SNPs covering 11 linkage groups, spanning 1,031.17 cM with an average of 4.33 mapped SNPs per scaffold, and a mean marker distance of 0.67 cM ( Fig. 1H and SI Appendix, Fig. S2 ). In total, 372.9 Mb of scaffolds, representing 79.9% of adzuki bean genome, were assigned to the 11 pseudomolecules using these mapped SNPs (SI Appendix, Fig.  S3 and Fig. 1B) . A low conflict between genetic map and the assembled scaffolds indicates high quality of the genome assembly (SI Appendix, Table S5 and Fig. S4 ).
Repetitive Sequence Analysis and Gene Prediction. To analyze the repetitive sequences, we searched the genome sequence by using a combination of de novo and homology tools, and found that ∼44.51% (207.7 Mb) of adzuki bean genome consisted of repetitive DNA. The percentage of the repetitive sequences in adzuki bean genome is higher than that of Medicago and Lotus, and lower than that of soybean, chickpea, and pigeonpea, but similar to common bean (SI Appendix, Table S6 ). Consistent with the other legume genomes, the majority of the transposable elements were retrotransposons (34.57% of genome), whereas DNA transposons made up only 5.75% of the genome (SI Appendix, Table S7 ). Overall, ∼76.49% of the repetitive DNA was long terminal repeat retrotransposons of which 43.99% were Gypsytype and 23.66% were Copia-type elements. An analysis of the adzuki bean genome with MIcroSAtellite (MISA) program (22) also allowed us to identify 16,230 simple sequence repeats (SSRs), containing di-(68.95%), tri-(18.12%), tetra-(1.98%), penta-(4.16%), and hexa-(6.79%) repeat units. Using these information, we designed 9,038 SSR primer pairs, and found that 24.7% of them exhibited polymorphism by analyzing 1,572 pair primers (SI Appendix, Table S8 ). These SSRs will be a useful resource for developing genetic markers and in genetic analysis of adzuki bean.
To predict protein-coding genes, we sequenced the transcriptomes of roots, stems, leaves, and seeds from three different developmental stages (beginning, full, and mature seed) of Jingnong 6, and generated ∼309 million RNA reads, which were used for mapping, clustering, and annotation of the whole genome (SI Appendix, Table S9 ). The transcriptome assembly consisted of 59,909 unitranscripts, of which 97.4% were covered by the genome assembly and 92.6% were captured in one scaffold with more than 90% of the unitranscript length, further confirms the high quality of the genome assembly (SI Appendix, Table S10 ).
Subsequently, we used a combination of de novo gene prediction, homology-based search, and RNA-Seq to predict gene models in the adzuki bean genome (SI Appendix, Fig. S5 ). A total of 34,183 protein-coding genes were predicted (SI Appendix, Tables S2 and S11), of which 53.92% (18,432 genes) were supported by RNA-Seq data, 81.33% (27,801 genes) by TrEMBL, 59.67% (20,398 genes) by Swiss-Prot (23), and 63.35% (21,656 genes) by Interpro (24) database (SI Appendix, Fig. S6 ). There were 6,196 genes (18.13% of total genes) that were functionally unannotated (SI Appendix, Fig. S5 ). The genes were distributed unevenly with an increase in density toward the ends of the pseudomolecules (Fig. 1E ). The density of expressed genes was similar to the pattern of gene distribution being lower or absent in the high repeat DNA regions of the pseudomolecules ( Fig. 1  D and F) . Additionally, we identified 312 microRNAs, 307 tRNAs, 3,730 rRNAs and 314 small nuclear RNAs (snRNA) (SI Appendix, Table S12 ).
Comparison of Gene Families with Other Sequenced Legume Genomes.
Compared with six other sequenced legume genomes, the number of predicted genes in the adzuki bean genome was lower than soybean, pigeonpea, and Medicago, but higher than common bean, chickpea, and Lotus. Based on the proportion of the gene sequence to the whole genome (total gene length/genome size), adzuki bean has a higher ratio (22.98%) than the other legume species with the exception of Medicago (SI Appendix, Table S11 ).
For further analysis, 76,211 gene families of adzuki bean, soybean, common bean, pigeonpea, and chickpea were clustered. We found that 12,582 gene families were common (orthologs) to all five legume genomes, whereas 827 gene families containing 5,446 genes were specific to adzuki bean, more than soybean, common bean, and chickpea, and lower than that in pigeonpea ( Fig. 2A ). An analysis of these specific genes using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) revealed that their functions mainly focused on the categories of zinc ion binding, proteolysis, cysteine-type peptidase activity, two-component response regulator activity, and mitosis ( Fig. 2B and SI Appendix, Table S13 ). We also found that the single copy gene orthologs in adzuki bean were significantly more than those in soybean and similar to those in pigeonpea, chickpea, and common bean, whereas the multicopy orthologs in adzuki bean and the other three legume genomes were much less than that in soybean. This difference between adzuki bean and soybean is most likely related to the additional whole genome duplication (WGD) in soybean (17) .
In total, 3,508 adzuki bean transcription factor genes, belonging to 63 families, were identified by a sequence comparison with known transcription factors, and by searching for known DNA-binding domains. These genes represented 10.26% of the total predicted genes in adzuki bean; this number was much lower than those in common bean, soybean, and Lotus but similar to that in other sequenced legume species (SI Appendix, Table S14 ). In addition, we analyzed the genes encoding R proteins in adzuki bean genome and compared them with other legume species (SI Appendix, Table S15 ). In total, 421 genes containing NBS or LRR domains were detected in the adzuki bean genome, which is significantly lower than that in soybean and common bean. However, there were markedly more CC_NBS genes in adzuki bean genome than that in soybean (SI Appendix, Table S15 ). This information should be helpful to identify the genes responsible for plant disease and for disease resistance breeding. It has been reported that adzuki bean has quite low beany flavor and contains digestible protein and abundant bioactive compounds (4, 25, 26) . Therefore, we analyzed genes related to flavonoid biosynthesis, lipoxygenase (LOX), and trypsin inhibitor in adzuki bean and other sequenced legume species, and no significant difference was observed in the gene number ratio (the gene number/the total gene number in the genome) (SI Appendix, Table S16 ). However, when we checked the expression of the LOX, which are responsible for the beany flavor in soybean (27) , we found that their transcriptional amount was markedly lower in adzuki bean than that of soybean (SI Appendix, Fig. S7 ). These results explain the low beany flavor of adzuki bean.
Legume lectin, which is widely distributed among leguminous plants, is a proteinaceous toxic factor that interacts with glycoprotein on the surface of red blood cells, causing them to agglutinate and a major antinutritional factor that inhibits the animal growth, and affects the nutritional value and nutrient digestibility (28) . The lectin content (average 11.91 mg·g −1 ) is high in the grain of soybean (29) , whereas it is low in adzuki bean (30) . We found that legume lectin genes in adzuki bean showed significantly lower gene number ratio than that of other sequenced legume species with an exception of chickpea. Consistently, the expression of the lectin genes [sum of the reads per kilobase of transcript per million reads mapped (RPKM) of individual genes] was significantly lower in adzuki bean than that of soybean, particularly for Le1, which is an important lectin gene in soybean (gmx:100818710), but it is lacking in adzuki bean (SI Appendix, Fig. S8 and Table S17 ). This result indicates that Le1 may play a main role in lectin accumulation in soybean seed.
We analyzed gene family expansion and contraction (31) in seven legumes and Arabidopsis. Among all 26,120 gene families of the eight species, 5.39% (1,407) and 7.83% (2,046) of the genes were substantially expanded and contracted, respectively, in the adzuki bean during the 14 million years after speciation from common bean, whereas soybean had many more expanded gene families than common bean and adzuki bean (Fig. 3A and SI  Appendix, Fig. S9 ), indicating that soybean has a universal expansion in gene families, coincident with the larger gene number. We subsequently analyzed the gene functions in the expanded gene families of adzuki bean and found enrichment in GO categories of zinc ion binding, proteolysis, cysteine-type peptidase activity, endopeptidase activity, endopeptidase inhibitor activity, lipid binding, and lipid transport (SI Appendix, Tables S18 and S19). For the contracted gene families of adzuki bean, they were enriched in the categories of protein serine/threonine kinase activity, protein kinase activity, protein tyrosine kinase activity, and defense response (SI Appendix, Table S20 ).
Genome Duplication and Synteny Analysis. Through ortholog search, we detected a total of 1,501 duplicated syntenic blocks within the adzuki bean genome. The gene number in a syntenic block ranged from 6 to 103 with an average of 11.7. The nucleotide diversity for the fourfold degenerate third-codon transversion site (4DTv) showed one clear peak (4DTv∼0.36) in the adzuki bean genome (Fig. 3B) , consistent with the whole genome duplication (WGD) event of Papilionoideae (32, 33). We did not identify the peak of the recent WGD (4DTv∼0.056) found in soybean, indicating that adzuki bean, like most of the sequenced legumes, does not have this glycine-specific event. Further phylogenetic analysis showed that adzuki bean diverged from pigeonpea ∼19.0-32.5 million years ago (Mya), from soybean at ∼16.9-29.0 Mya, and from common bean at ∼5.6-15.0 Mya (Fig. 3A) .
Synteny analysis revealed that, as expected, adzuki bean had higher conservation with common bean than with other legume species (SI Appendix, Table S21 and Fig. 4A ). Most of the chromosomes aligned between adzuki bean and common bean (e.g., adzuki bean chromosome 2 and common bean chromosome 7, adzuki bean chromosome 5 and common bean chromosome 5, adzuki bean chromosome 1 and common bean chromosome 3, and adzuki bean chromosome 4 and common bean chromosome 9) (Fig. 4 A-C) . However, some chromosomes of adzuki bean matched to more than one chromosome of common bean, suggesting chromosome rearrangements had occurred in the two genomes after speciation.
We also did a comparison between adzuki bean and soybean. These results showed that each adzuki bean chromosome matched to several chromosomes of soybean, indicating that more arrangements occurred after speciation, and it is probably a result of the recent independent WGD in soybean (SI Appendix, Fig. S10 ).
Starch and Fatty Acid Biosynthesis and Metabolism Genes. The legume family, the second most important crop family, is divided into oil and non-oil types based on the storage compounds in the seed. Adzuki bean is a typical non-oil legume, whereas soybean belongs to the oil type. Compared with soybean, adzuki bean seed has much more starch (57.06% vs. 25.3%) and much less crude fat (0.59% vs. 22.5%) (5, 34) . To investigate the bases behind this difference, we analyzed genes related to starch and oil biosynthesis. Using the starch biosynthesis genes in rice (35, 36) as bait, we performed an ortholog search in the adzuki bean and soybean genomes. In total, fewer starch biosynthesis genes were found in adzuki bean than in soybean (27 vs. 46) (SI Appendix, Table S22 ), but the χ 2 test result showed that the ratio of the starch biosynthesis genes (number of starch synthesis genes/total gene numbers) was not significantly different between these two genomes (P = 0.4135). We then examined the transcriptional activity of these genes at three seed development stages (beginning, full, and mature seed) of the two species with two biological replicates collected in 2013 and 2014. The transcriptional level of each gene was normalized by using 47 constitutive expression genes in both species (SI Appendix, Table S23 ). We found that both the total transcriptional amount of starch biosynthesis genes (sum of the RPKM of individual genes) and average transcription of individual starch biosynthesis genes (mean of the RPKM of individual genes) in adzuki bean at the mature seed stage was significantly higher than that in soybean ( Fig. 5A and SI Appendix, Figs. S11 and S12 and Table S24 ), although more starch biosynthesis genes were detected in the soybean genome (SI Appendix, Table S22 ). However, no significant differences were observed at the two earlier stages of seed development. Another interesting phenomenon was that the transcription of starch biosynthesis genes continuously increased in adzuki bean, especially at the mature seed stage, whereas the expression of these genes in soybean decreased at the full and mature seed stages (Fig. 5A and SI Appendix, Figs. S11 and S12).
Subsequently, we searched for genes related to fatty acid synthesis in plastids, the synthesis and storage of oil, and fatty acid degradation in the adzuki bean and soybean genomes. Although more genes were found in soybean than that in adzuki bean, the copy number of the genes was not significantly different relative to the total gene numbers of the two genomes (SI Appendix, Table S25 ). The transcription of the genes related to fatty acid synthesis in plastids and the synthesis and storage of oil were markedly higher in soybean than those in adzuki bean (Fig. 5 B and C and SI Appendix, Figs. S11 and S12 and Tables S26 and S27). We also found that the two classes of genes exhibited differential expression patterns. Genes related to fatty acid synthesis in plastids exhibited a higher transcriptional level at earlier developmental stages in both adzuki bean and soybean, whereas the expression of oil synthesis and storage genes was maintained in soybean but decreased in adzuki bean at the later stage. The transcriptional amount of genes related to fatty acid degradation in soybean was higher at the beginning seed stage and lower at the latter two stages than that observed in adzuki bean ( Fig. 5D and SI Appendix, Figs. S11 and S12 and Table  S28 ). In addition, we checked the expression of five key genes that encode the proteins that were involved in the conversion from starch to oil synthesis: amylase (an enzyme catalyzing the hydrolysis of starch into sugars) (37), starch phosphorylase (an enzyme involving in phosphorolytic degradation of starch) (38) , phosphofructokinase (PFK, a kinase catalyzing the phosphorylation of fructose-6-phosphate to fructose-1,6-bisphosphate in the glycolytic pathway) (39), glycerol-3-phosphate dehydrogenase (GPDH, an enzyme catalyzing the dihydroxyacetone phosphate to glycerol-3-phosphate, and serving as a major link between carbohydrate metabolism and lipid metabolism; ref. 40) , and acetyl-CoA carboxylase (ACC, a biotin-dependent enzyme that catalyzes the irreversible carboxylation of acetyl-CoA to produce malonyl-CoA for the biosynthesis of fatty acids) (41) . All of the five genes showed a higher expression in soybean at all three seed development stages compared with adzuki bean (SI Appendix, Fig. S13 and Table  S29 ). Based on these results, we speculated that the transcriptional amount of the genes related to starch and oil synthesis between soybean and adzuki bean are responsible for the differences of starch and fat content in the two species. Future detailed comparative genomic analysis of different species will help to answer the underlying mechanism.
Diversity and Domestication Analysis. In general, it is believed that adzuki bean cultigen, including landraces and improved cultivated variety, was domesticated from its putative wild progenitor (V. angularis var. nipponensis) (42) . To investigate the genetic diversity variation and selective sweeps during adzuki bean domestication, we performed whole genome resequencing of 11 wild, 17 landraces, and 10 improved cultivars (SI Appendix, Table  S30 ). Besides the wild type, landrace, and cultivar, another intermediate type, semiwild adzuki bean (weedy), has been recognized (2, 43) . However, the genetic base of semiwild adzuki bean was arguable. So far, it is not clear whether semiwild adzuki bean was closely related to cultigen or wild adzuki bean or belongs to the landrace (44, 45) . To make the resequencing population representative, we performed resequencing of 11 semiwild adzuki beans as well. Therefore, a total of 49 adzuki bean accessions were resequenced in this study. The whole genome resequencing yielded 254.41 Gb of highquality clean data. The sequencing depths of the 49 accession genomes ranged from 5.3× to 27.34×. The reads were aligned to adzuki bean reference genome by using SOAP2 (46) software, showing a mapping rate varied from 80.11 to 95.37%. In total, 5,539,411 SNPs were identified among the 50 accessions across the entire genome by SOAPsnp (47) . Similar results were obtained by BWA (48) along with SAMtools (49) analysis (SI Appendix, Table S31 ).
The neighbor joining tree illustrated that the 50 adzuki bean accessions could be divided into two main groups (Fig. 6A) . The 11 wild accessions clustered clearly together in a group, whereas the remaining 39 accessions, including the semiwild accessions, landraces, and improved varieties, were grouped in another group. The 11 semiwild accessions spread among the landraces and improved varieties. These results demonstrated that the semiwild adzuki bean had a closer relationship to cultigen adzuki bean than that of wild type. Principal components analysis (50) also suggested that the semiwild adzuki beans had a closer relationship with landraces and improved varieties than wild adzuki beans (Fig. 6B) . The structure plots (51) showed the three types were separated into three groups when K was set as 3 without clear admixture (Fig. 6C) . Based on all these comprehensive analyses, the semiwild adzuki bean seemed to be a distinct ecotype as the progenitor of cultigen accessions (44) , rather than an escape from old cultivars and derivatives from a hybrid between wild and cultivars (42) . Therefore, we classified the semiwild adzuki beans into landrace in the following selection analyses.
We detected strong selection sweep signals [indicated by fixation index (F ST )] during the adzuki bean domestication, which distribute across all chromosomes (SI Appendix, Figs. S14 and S15 and Table S31 ). The selection pressure detected between landraces and cultivars were obviously lower than that between wild and cultivars, which had much lower F ST values, for example the F ST values of the adzuki bean chromosome 1 (Fig. 6D) . The results suggested that the domestication from the wild accession to cultivars is thorough and continuous. The genes in the selection regions enriched mainly in the KEGG pathways of plant-pathogen interaction, plant hormone signal transduction, aminobenzoate degradation, cell cycle, and folate biosynthesis (SI Appendix, Fig. S16 ).
Conclusion
In this study, we obtained a high quality draft adzuki bean genome sequence, in which more than 86% of the genome was assembled, and approximately 80% of sequences were assigned to chromosomes. A total of 34,183 protein-coding genes were predicted. Genome duplication analysis revealed that the adzuki bean genome, unlike soybean, lacked the event of the recent whole genome duplication. Compared with other sequenced legume genomes, the adzuki bean genome had a higher synteny with common bean than that of soybean, pigeonpea, Medicago, chickpea, and Lotus. More interestingly, we revealed that the low fat and high starch contents in adzuki bean seed were not caused by the gene copy number variation, but by gene expression amount in comparison with soybean. Additionally, we also found that the semiwild adzuki bean would be a kind of preliminary landrace by population analysis with the 11 wild, 11 semiwild accessions, 17 landraces, and 11 improved varieties, and detected strong selection signals in domestication. Generally, our results valuably reinforce the legume species genomes, provide insight into evolution and metabolic differences of legumes, and will accelerate studying of genetics and genomics for adzuki bean improvement.
Materials and Methods
Adzuki bean (V. angularis var. angularis) cultivar Jingnong 6 (a popular variety in China) was used for whole genome sequencing. Forty-nine adzuki bean accessions, including 11 wild adzuki bean (V. angularis var. nipponensis), 11 semiwild type, 17 landraces, and 10 improved cultivars were performed for their whole genome resequencing. The details of sequencing, assembly, annotation, genome analysis, and diversity and evolution analysis were described in SI Appendix. 
